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Objectives. This study investigated the cycle length changes 
preceding the spontaneous onset of torsade de pointes in patients 
with acquired prolonged ventricular repolarization. 
Background. Torsade de pointes is a polymorphic ventricular 
tachycardia generally associated with prolonged ventricular epolarl 
ization. Because torsade de pointes is not inducible by programmed 
electrical stimulation, quantitative analysis of Holter recordings of 
spontaneous episodes may clarify the mechanisms favoring the onset 
of torsade de pointes in actual clinical conditions. 
Methods. The digitized Holter recordings of 12 patients were 
analyzed by a computerized Holter system (ATREC). All arrhyth- 
mias were grouped according to three classes: 1) isolated prema- 
ture ventricular beats (n = 47,147, mean/patient [-+SD] 3,929 - 
11,571); 2) salvos of 2 to 4 consecutive beats (n = 2,003, 
mean/patient 167 --- 359); 3) torsade de pointes >5 beats (n = 105, 
mean/patient 9 -+ 11). For each patient and class of arrhythmias, 
six variables were computed from the 10 min and the 10 cycles 
preceding the event onset. 
Results. A significant heart rate increase in the last minute (p < 
0.01) and typical oscillatory short-long-short cycle length sequences 
preceded the onset of arrhythmias, with greater oscillation preceding 
torsade de pointes than salvos and premature ventricular beats. The 
cycle lengths preceding the onset were highly correlated with the 
class of arrhythmias (r = 0.65, p < 0.005) and allowed the correct 
classification of 69% of events by discriminant analysis (p < 0.0001). 
A significant negative correlation was observed between the duration 
of torsade de pointes and the mean length of the initial cycles (r = 
-0.62, p < 0.001), indicating that longer torsade de pointes had a 
faster rate than that at onset. 
Conclusions. In patients with acquired prolonged repolariza- 
tion, the spontaneous onset of ventricular arrhythmias was pre- 
ceded by an increasing heart rate in the last minute and escalating 
oscillatory "short-long-short" cycle length patterns, with greater 
oscillations preceding torsade de pointes than salvos and isolated 
ventricular beats. These findings suggest that adrenergic- and 
panse-dependent mechanisms (possibly inducing aflerdepolariza- 
tions and triggered activity) may have a synergetic role in the 
genesis of complex ventricular arrhythmias associated with de- 
layed ventricular repolarization. 
(JAm Coil Cardio11995;25:1564-75) 
Torsade de pointes is a rapid polymorphic ventricular tachy- 
cardia with a distinctive, twisting configuration, typically asso- 
ciated with prolonged repolarization, either congenital or 
acquired (1-5). Torsade de pointes is variable in duration and 
often stops spontaneously, although longer uns may degener- 
ate into ventricular fibrillation, thus provoking sudden cardiac 
death. The diagnosis of torsade de pointes has great clinical 
implications because their treatment differs from that of other 
forms of sustained ventricular tachycardia (6,7). 
The electrophysiologic mechanisms involved in the genesis of 
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torsade de pointes have not been conclusively established, and 
both reentry from dispersion of repolarization and triggered 
activity associated with delayed repolarization have been pro- 
posed (8-13). Either hypothesis could explain some of the 
features typically observed in torsade de pointes associated with 
acquired prolonged repolarization, such as the long coupling 
interval of the initial extrasystole (6), the facilitation by slow heart 
rate (7) and the presence of a pause determining a typical 
initiating pattern, often referred to as "long-short" sequence 
(6,14). The prodromal pause, often associated with further pro- 
longation of ventricular epolarization in the following beat, 
supports the definition of torsade de pointes as a typical example 
of bradycardia-dependent arrhythmias (8-13). Nevertheless, 
pause dependence is not restricted to torsade de pointes because 
it was also observed in both benign and malignant ventricular 
arrhythmias in different clinical settings (8,15,16). 
Because torsade de pointes is not easily induced by pro- 
grammed electrical stimulation, we studied the spontaneous 
mechanisms of onset in actual clinical conditions by the 
analysis of the digitized tracings of 12 patients with Holter 
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Table 1. Clinical Characteristics 
Age (yr)/ Holter Underlying Provoking 
Pt No. Gender Cardiac Disease Reason QT QTc Arrhythmias Ongoing Therapy Factors 
1 65/M ~ IHD Control 500 533 CAF, PVBs Diso Diso 
2 53/F RVD (AR), CHF Malaise 560 611 PAF Diur HypoK + 
3 75/F ANH Syncope 640 628 PAF Quin, Amio HypoK +, Quin 
4 85/F IHD Control 640 570 PABs Quin HypoK +, Quin 
5 59/F IHD, RVD (MR) Control 720 580 PAF Quin Quin 
6 19/F RVD (MS) Syncope 660 528 PAF Diur HypoK + 
7 80/M DCM, HTN Control 560 520 PAF, PVBs Quin, Amio, Diur HypoK +, Quin 
8 75/F IHD, CHF, HTN Malaise 760 683 SR, LBBB Bepr, Amio, Diur Bepr 
9 72/F ANH, HTN Syncope 520 604 VBIG Diur HypoK + 
10 77/M CHF Syncope 420 495 PAT, RBBB Dig, Diur 3-AVB, Brad 
11 80/M RVD (AS, AR) Malaise 640 512 PAF, 2-AVB Dig, Diur HypoK +, Brad 
12 62/F RVD (MS) Control 640 616 PAF Amio, Diur HypoK + 
Amio = amiodarone; ANH = apparently normal heart; AR (MR) = aortic (mitral) regurgitation; AS (MS) = aortic (mitral) stenosis; 2-AVB (3-AVB) - 
second-degree (third-degree) intermittent a rioventricular block; Bepr = bepridil; Brad = profound bradycardia (<40 beats/rain); CAF = chronic atrial fibrillation; 
CHF = chronic heart failure; Control = assessment of cardiac treatment; DCM = dilated cardiomyopathy; Dig = digitalis; Diso = disopyramide; Diur = diuretic drugs; 
F = female; HTN = hypertension; HypoK + = hypokalemia (<3.5 mEq/liter); IHD - ischemic heart disease; LBBB = left bundle branch block; M = male; Malaise -
presyncope or palpitations; PABs = premature atrial beats; PAF = paroxysmal atrial fibrillation; PAT = paroxysmal atrial tachycardia; Pt = 
patient; PVBs = premature ventricular beats; Quin = hydroquinidine; RBBB = right bundle branch block; RVD = rheumatic valve disease; QT, QTc = QT interval, 
corrected for heart rate (ms); SR = sinus rhythm; Syncope = complete loss of consciousness; VBIG = ventricular bigeminy. 
recordings of torsade de pointes associated with acquired 
prolonged repolarization. The study was performed by a 
dedicated computerized Holter system (ATREC), which pro- 
vided a quantitative analysis of the heart rate changes preced- 
ing the onset of arrhythmias (18,19). 
The objective of the study was twofold: 1) to identify typical 
cycle length patterns associated with the spontaneous onset of 
ventricular arrhythmias; and 2) to evaluate whether specific 
cycle length sequences were indeed correlated with the com- 
plexity of subsequent arrhythmias. Preliminary results were 
recently presented (20). 
Methods  
Study patients. A data base of >10,000 Holter tapes from 
patients referred to the Cardiology Unit of the Hopital Lari- 
boisiere, Paris, France, was screened. Twelve patients meeting 
both of the following criteria were included in the study: 
1) presence of acquired prolongation of ventricular repolariza- 
tion; 2) recording of a primary episode of torsade de pointes 
(as defined later) on ambulatory electrocardiographic (ECG) 
Holter monitoring. Table 1 summarizes the clinical character- 
istics of the 12 patients included in the study (mean [_+SD] age 
67 -+ 18 years, range 19 to 85; 8 women, 4 men). The reasons 
for Holter recording were 1) diagnostic evaluation of previous 
episodes of syncope in four patients and presyncope or palpi- 
tations in three; 2) assessment of the efficacy of antiarrhythmic 
therapy prescribed for atrial arrhythmias in five patients. The 
majority of the patients had a known cardiac ondition, either 
ischemic heart disease (always without previous myocardial 
infarction) or valvular disease. All patients had a known 
rhythm disorder, most often chronic supraventricular rrhyth- 
mias. No patient had a previous history of nonsustained or 
sustained ventricular tachycardia, nd none was taking antiar- 
rhythmic medication as a treatment for previous ventricular 
arrhythmias. All patients howed a prolonged ventricular re- 
polarization on a concomitant ECG tracing, with a mean QT 
interval of 605 _+ 96 ms and a mean QT interval corrected by 
the square root of the preceding RR interval (QTc) of 573 _+ 
57 ms. In seven patients the prolongation of the QT interval 
was secondary to antiarrhythmic drugs (hydroquinidine, 
disopyramide, bepridil or amiodarone). In the remaining five 
patients QT prolongation was secondary to hypokalemia (de- 
fined as serum potassium <3.5 mEq/liter), generally after 
diuretic therapy. The precipitating cause of torsade de pointes 
was inferred to be a class 1A antiarrhythmic drug or bepridil in 
six patients; in the remaining patients the initiation might have 
resulted from multiple concomitant factors, such as hypokale- 
mia, digitalis therapy, marked bradycardia or high degree 
atrioventricular block. 
CLassification of arrhythmias. As illustrated in Figure 1, all 
ventricular arrhythmias were grouped according to three 
classes: 1) isolated premature ventricular beats (class 1 events); 
2) salvos of 2 to 4 consecutive beats (class 2 events); 3) torsade 
de pointes, _>5 consecutive beats showing a typical twisting 
configuration (class 3 events). The presence of 5 consecutive 
beats was considered the minimal ength to identify the typical 
twisting QRS pattern of torsade de pointes, as previously 
described (1-3). Each run of _>5 ventricular beats was also 
visually inspected to confirm the configuration of torsade de 
pointes. Couplets, triplets and quadruplets were examined 
separately to exclude major disparities and then combined as 
class 2 events. Class of arrhythmias was designed as an 
arbitrary three-level score on the basis of actual ength of the 
events to grade the complexity of arrhythmias in the statistic 
analysis. 
Data processing. Holter recordings were obtained by por- 
table battery-operated two-channel cassette recorders (ICR 
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Figure 1. Three classes of ventricular rhythmias (VA) were identi- 
fied according toan arbitrary three-level score for grading the com- 
plexity of arrhythmias: 1) premature v ntricular beats (PVBs, or class 
1 events); 2)salvos of 2 to 4 consecutive b ats (class 2); 3) torsade de 
pointes ->5 consecutive b ats with a twisting configuration (TdPs, or 
class 3). All electrocardiographic tra ings were obtained inthe same 
patient (Patient 12). All classes of arrhythmias showed typical initiating 
short-long-short sequences and late coupling of the first beat. Paper 
speed 25 mm/s. N (S, V) = normal (supraventricular, ventricular) beat. 
model 7200, ELA model 2448, or Marquette model 8500). 
Tapes were digitally processed by the Marquette Holter Anal- 
ysis System 8000, which stored the entire ECG recording on 
disk and allowed a manual revision of the automatic analysis to 
make the necessary corrections to the beat annotation (nor- 
mal, ventricular, artifact). Changes were automatically incor- 
porated in the beat annotated list, which included the beat 
label and the interval to the preceding beat (in milliseconds). 
The list was then transmitted by a serial connection to a 
dedicated computer Holter analysis ystem named ATREC 
(acronym for "Analyse des Troubles du Rythme Electro- 
Cardiographique," version 3), running under the UNIX oper- 
ating system on an AST computer equipped with an Intel 
80486 processor ated at 33-MHz speed. The ATREC algo- 
rithm for arrhythmia nalysis has been described in detail 
elsewhere (18,19). Briefly, ATREC first classified all arrhyth- 
mic events by predefined classes (target events) and then 
retrieved the series of consecutive cycles preceding the target 
events from the entire beat annotated list. All series were then 
aligned on the first complex of the target event, and the mean 
values of the respective cycle lengths of all retrieved series 
were then computed. In this study, each series was set to 
include 11 cycles (CL lO, CL 9 . . . . .  CL_I, CLo) immediately 
preceding the target events. As illustrated in Figure 2, the 
automatic output consisted of a trend display showing the 
mean value + SD of the cycle lengths included in each series, 
together with the mean cycle lengths of the 10 min (MN_lo, 
MN_9 . . . . .  MN_I) preceding the target events. A beat label 
exclusion criterion could be applied to the beats preceding the 
target event o restrict he analysis to specific onditions (e.g., 
target events preceded only by sinus rhythm or by ventricular 
bigeminy). 
Definition of interval variables. As illustrated in Figure 2, 
six interval variables were computed to quantify the initiating 
sequences of arrhythmias: 1)MN(_lO_2) = mean cycle length of 
the tenth to second minute before onset; 2) MN_I = mean 
cycle length of the last minute before onset; 3) CL(-1o.3) = 
mean of the tenth to third cycle before onset; 4) CL_ 2 = 
the second cycle before onset (or first "short" interval); 
5) CL_I = last cycle before onset (or "long" interval); 6) 
CL o = coupling interval of the event (or second "short" 
interval). Note that MN(-lO.2), MN_I and CL(ao-3) repre- 
sented the mean values of several cycles, whereas CL_2, CL_ 1 
and CL o were individual cycle lengths, constituting, if applica- 
ble, the "short-long-short" initiating sequences. 
Statistical analysis. The matrix utilized in the analysis 
included the mean values of the six variables considered by the 
three classes of arrhythmias in the 12 patients. The interval 
variables, classification ofarrhythmias nd statistical tests to be 
applied in this study were all established before the results 
were considered (21). As repetitive measurements were ob- 
tained for each variable, we evaluated two factors of variability: 
1) individual influence of the 12 patients, considered as a 
random block factor (11 degrees of freedom); 2) classifica- 
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Figure 2. Trend display of the mean values of the 
beat series retrieved for a target event (torsade 
de pointes, Patient 12). The corresponding elec- 
trocardiographic (ECG) tracing isalso provided. 
Each beat series included 11 cycles (CL 10, 
CL 9 . . . . .  CL1, CL0) and 10 min (MN_10, 
MN_ 9 . . . .  , MN_I) preceding the onset. All re- 
trieved series were automatically a igned on the 
first complex of the target (indicated by the star). 
Six interval variables were computed (see text 
for details [Definition of interval variables]). 
N (A) = normal (abnormal) beats. 
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tion of arrhythmias, considered as a three-level fixed factor 
(2 degrees of freedom). The independent contributions ofthe 
patient and classification factors to the variability of each single 
variable were examined by two-way analysis of variance using a 
generalized linear model (21-23). To recognize specific pat- 
terns preceding the onset of arrhythmias, the absolute differ- 
ences between pairs of consecutive variables were examined by 
paired t test corrected by the Bonferroni method for multiple 
comparisons (21). The correlation among the six variables was 
computed by cross-correlation matrix, and the latent roots of 
covariance were computed by principal component analysis 
(22,23). The relation between arrhythmia class (dependent 
variable) and the preceding interval variables (predictors) was 
established by multivariate analysis. Because arrhythmia class 
was not a true random variable but an arbitrary three-level 
score, the multiple regression was not an optimal model (23). 
A discriminant analysis was then performed, which computed 
the likelihood for a given event o be allocated to the correct 
class of arrhythmias on the basis of the combination ofseveral 
preceding cycle lengths (23). In the discriminant analysis, the 
six cycle length variables (predictors) were added to the model 
by a stepwise procedure to select he best-fit subset of predic- 
tor variables. To compute the probability of correct classifica- 
tion, each event was allocated to one of the three classes of 
arrhythmias on the basis of the predictors, and the predicted 
class was then compared with the true class of the event. The 
effectiveness of the discrimination was estimated by the 
squared ratio of the distance between groups, and the signifi- 
cance of the model was evaluated by chi-square test (23). All 
analyses were performed by the Minitab program (version 8) 
running on a personal computer (22); p < 0.05 was required 
for significance, xcept where otherwise indicated. 
Resul ts  
The analysis included two phases: 1) a conventional system- 
atic analysis of the target arrhythmic events, with visual 
inspection of the configuration and the initiating sequences; 
2) a quantitative statistical analysis of the heart rate changes 
preceding the onset of events, to establish whether specific 
cycle length patterns were correlated to the complexity of 
subsequent arrhythmias. 
Systematic analysis of arrhythlnic events. The systematic 
analysis of the 12 Holter recordings is illustrated in Table 2. 
During the recordings, nine patients had sinus rhythm with 
sporadic premature atrial beats, and three had persistent a rial 
fibrillation. Two patients (Patients 5 and 11) had a marked 
bradycardia for the entire recording, although their behavior as 
to the onset of ventricular arrhythmias was similar to that of 
the other patients. 
Torsade de pointes. A total of 105 episodes of torsade de 
pointes (class 3 events) were observed, with a median of two 
episodes per patient. In eight patients (Patients 2, 4 and 9) 
torsade de pointes occurred only during daytime, in three 
indifferently day and night and in one (Patient 8) only during 
nighttime. When the 105 torsade de pointes episodes were 
examined individually, 103 (98%) showed a typical short-long- 
short initiating sequence. Different modalities of short-long- 
short sequences could be observed in the same patient (Fig. 3). 
In the vast majority of episodes (96 [93%] of 103), the first 
short interval (CL_2) was determined by a ventricular com- 
plex, either an isolated premature beat or the last beat of a 
salvo, whereas in 7 episodes the first short interval was caused 
by a premature atrial beat. In the remaining two episodes from 
the same patient (Patient 12), a long-short sequence without a 
clear first short interval was observed because the long cycle 
was caused by a sudden sinus pause. In eight patients all 
episodes of torsade de pointes were self-terminating, but in 
four (Patients 1, 2, 5 and 6) torsade de pointes degenerated 
into ventricular fibrillation. The four degenerating torsade de 
pointes runs tended to have a faster rate than the self- 
terminating torsade de pointes runs even in the initial phase 
because the mean cycle length of the first three ventricular 
complexes excluding the coupling interval tended to be shorter 
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Table 2. Systematic Analysis of Holter Recordings 
HR (beats/min) 
Pt Total PVBs Salvos TdP Max 
No. Beats BCR Mean Max Min PAB Class 1 Class 2 Class 3 Lgt 
1 14,866 AF 89 114 55 - -  182 3 2 VF 
2 75,490 AF 72 123 50 - -  42 1 2 VF 
3 65,898 SR 50 91 40 557 408 67 2 26 
4 73,365 SR 51 101 33 298 182 217 34 29 
5 23,536 SR 44 75 38 3 12 2 2 VF 
6 82,892 SR 67 112 40 42 674 1 1 VF 
7 83,861 SR 64 89 47 390 831 7 1 7 
8 99,787 SR 71 111 44 124 503 48 13 40 
9 114,058 VBIG 80 111 61 735 40,625 1,276 19 24 
10 119,058 SR 79 106 23 t62 1,389 75 6 7 
11 63,129 AF 41 69 29 - -  308 66 3 17 
12 75,210 SR 52 101 40 276 1,991 238 20 49 
Mean 74,262 - -  63 100 42 287 3,929 167 9 - -  
SD 31,198 - -  15 16 11 242 11,571 359 11 - -  
Total 891,150 . . . .  2,587 47,147 2,003 105 - -  
AF = atrial fibrillation; BCR = basal cardiac rhythm; HR = heart rate during recording; Lgt = Length of torsade de pointes; Max = maximal; Min = minimal; 
Salvos = 2 to 4 consecutive ventricular beats; TdP = torsade de pointes, >_5 ventricular beats with twisting configuration; VF = degeneration in ventricular fibrillation; 
other abbreviations a in Table 1. 
(326 _+ 26 vs. 393 _+ 78, p = 0.09). Fur thermore ,  there  was a 
signif icant negat ive corre lat ion  between the mean cycle length  
of the  first th ree  ventr icu lar  cycles and the durat ion  of torsade 
de po intes  measured  by the number  of  ventr icu lar  beats  
inc luded in the cor respond ing  run  (r = -0 .62 ,  p < 0.001); that  
is, longer  torsade de po intes  had  a faster rate than  that  at 
onset.  
Salvos and isolated premature ventricular beats. I so lated 
premature  ventr icu lar  beats  (class 1 events)  were  observed in 
all pat ients.  One  pat ient  (Pat ient  9) had  a much h igher  
A 
B 
C 
D 
N N N S N V V V V V V 
¢i N V N N V v V V V V v V 
Figure 3. Different modalities of torsade de pointes onset 
in the same patient (Patient 4). All 34 torsade de pointes 
episodes observed in this patient were preceded by short- 
long-short sequences, although they constituted ifferent 
arrhythmias. A, The first short interval (CL_2) was caused 
by a PVB belonging to a bigeminal sequence. B, CL 2 was 
the last beat of a salvo (in this case, a couplet). C, CL 2 
was determined by a premature atrial beat (observed in 
two torsade de pointes episodes). D, CL 2 was caused by 
an interpolated ventricular ectopie beat (observed in two 
torsade de pointes episodes). Paper speed 25 mm/s. 
Abbreviations as in Figure 1. 
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Figure 4. Example of cascade phenomenon, where a premature 
atrial beat initiated a short-long phenomenon leading to the 
onset of a first premature v ntricular beat, whose compensatory 
pause triggered the onset oftorsade de pointes (Patient 12). Note 
the major changes inT wave configuration in the beat after the 
postextrasystolic pause. Paper speed 25 mm/s. Abbreviations a  in 
Figures 1 and 2. 
N N N N N S N V N V VVVV . . . . . . . . . . . . . . . . . .  
l sec  
I I 
frequency of premature ventricular beats because of stable 
ventricular bigeminy. Salvos (couplets, triplets, or quadruplets, 
combined as class 2 events) were observed in all patients, 
although their incidence varied widely among cases. In all 
patients, alvos were generally preceded by a short-long-short 
initiating pattern, and in 69% of salvos (1,381 of 2,003), the 
• short CL_ 2 interval was determined by a ventricular beat. In all 
patients, even excluding the patient with stable bigeminy 
(Patient 9), most premature ventricular beats (class 1 events) 
belonged to sequences of ventricular bigeminy (4,719 [72%] of 
6,510). When the 1,791 initial premature ventricular beats (not 
preceded by ventricular ectopic beats) were analyzed sepa- 
rately by using a beat label exclusion criterion, a short-long- 
short initiating pattern could still be observed, generally as a 
result of a premature atrial beat or a sudden cycle length 
variation during atrial fibrillation. 
Cascade phenomenon. In all patients, the onset of ventric- 
ular arrhythmias was preceded in most cases by a distinctive 
escalating pattern that we defined as a "cascade phenome- 
non", with two characteristic features: 1) The primary event 
was a premature atrial beat starting a short-long sequence 
entraining a first ventricular beat. 2) As the amplitude of the 
short-long-short oscillatory pattern increased, with shorter 
short and longer long intervals, the complexity of the subse- 
quent arrhythmias progressively increased, in some cases until 
the onset of torsade de pointes (Fig. 4 and 5). The cascade 
phenomenon was observed at least once in all patients, al- 
though the number of cycles and types of arrhythmias involved 
were quite variable from case to case. Thus, in patients with 
prolonged repolarization, sudden variations of cycle length, 
generally initiated by supraventricular rhythmias, could ini- 
tiate an escalating oscillatory short-long-short sequence, ulti- 
mately leading to the onset of fatal ventricular arrhythmias. 
Quantitation of sequences of onset of arrhythmias. Mean 
values of the cycle lengths preceding the event onset for each 
patient and class of arrhythmias were tested by a two-way 
analysis of variance model, including patient and class factors 
as determinants of variability (Table 3). The patient effect was 
highly significant for all variables, indicating that he individual 
electrophysiologic substrate was a major determinant of vari- 
ability for all intervals considered. In contrast, a significant 
difference by class of arrhythmia was observed only for the first 
short interval (CL_2) and for the following pause (CL_I). As 
shown in Figure 6, only these two intervals were independently 
associated with the complexity of subsequent events; that is, 
the class of arrhythmias augmented as CL_2 shortened or 
CL_ 1 increased (p = 0.006 and p = 0.01, respectively). In 
conclusion, typical short-long sequences preceded the onset of 
all arrhythmias, but as the amplitude of the short-long se- 
quence increased, the likelihood of torsade de pointes was 
higher. All other variables, including the coupling interval 
(CL0), were not significantly different within the three classes. 
Recognition foscillatory initiating pattems. The presence of 
specific initiating patterns was quantified by testing the differ- 
ences between pairs of consecutive variables. Because atotal of 
five comparisons were performed, p < 0.01 was required for 
significance of each tested ifference (22). The average heart 
rate in the 10 rain before the events was -60 beats/rain in all 
classes (Fig. 6). A significant acceleration was observed in the 
last minute (MN_ 1) compared with the mean of the preceding 
Figure 5. Example of cascade phenomenon preceding the onset of 
torsade de pointes (Patient 4). This sequence was initiated by a 
premature atrial beat followed by a pause (1,270 ms), leading to a 
premature ventricular beat with a longer compensatory pause 
(1,590 ms), then a couplet followed by an even longer pause (1,730 ms) 
finally inducing torsade de pointes. The two beats indicated by the 
stars were corrected manually, on the basis of electrocardiographic 
features een on the second channel (not shown). Paper speed 
25 mm/s. Abbreviations a in Figures 1 and 2. 
N N N S N V V V N V V V V V V 
!i !! 
1140 980  708  1270 648  1590 620  398 1730 638 342 . . . . . . .  
CL  (msec)  
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Table 3. Cycle Lengths Preceding Onset of Events* 
Pt No. MN(lo-2) MN ~ CL(_1o_3) CL_ 2 CL_ 1 CL o 
Class 1 Events (isolated PVBs) 
1 665 668 688 627 793 565 
2 743 735 734 741 807 546 
3 1,177 1,151 1,093 644 1,281 739 
4 1,215 1,199 1,015 751 1,315 674 
5 1,253 895 897 752 1,104 693 
6 783 800 807 752 872 543 
7 892 906 918 602 1,230 573 
8 961 936 951 748 1,170 710 
9 729 729 745 625 891 547 
10 779 823 840 549 1,091 483 
11 1,430 1,348 1,199 773 1,517 665 
12 949 881 883 601 1,180 710 
Mean 986 940 897 680 1,104 612 
SDt 247 208 151 79 225 81 
Class 2 Events (salvos) 
1 679 698 749 645 625 570 
2 802 849 726 633 1,031 555 
3 1,177 1,157 1,098 570 1,298 733 
4 1,189 1,160 887 508 1,480 670 
5 1,223 974 984 726 1,277 707 
6 1,208 1,260 1,214 523 1,320 562 
7 981 980 956 597 1,439 640 
8 1,055 995 992 743 1,279 765 
9 737 728 734 546 955 577 
10 887 919 850 620 1,294 567 
11 1,418 1,320 1,087 593 1,490 640 
12 1,135 985 866 519 1,305 668 
Mean 1,042 1,002 928 601 1,232 637 
SDt 226 194 155 77 249 73 
Class 3Events (torsade de pointes) 
1 693 691 686 574 1,371 477 
2 836 833 727 551 1,004 551 
3 1,189 1,153 1,159 598 1,207 723 
4 1,168 1,136 858 485 1,331 649 
5 1,232 1,073 910 723 1,328 731 
6 1,210 1,189 763 734 1,273 727 
7 901 887 871 312 1,453 578 
8 1,046 972 1,015 686 1,389 751 
9 724 706 696 501 1,014 574 
10 1,950 1,091 972 632 1,598 610 
11 1,392 1,229 1,196 583 1,494 695 
12 1,066 937 706 513 1,176 619 
Mean 1,117 991 879 574 1,303 640 
SDt 340 183 177 117 181 86 
Two-Factor Analysis of Variance:]: 
F (Pt) 3.6 13.1 7.7 2.6 4.8 9.1 
p value 0.006 0.0001 0.0001 0.03 0.001 0.0001 
F (class) 1.8 3.4 0.9 6.4 5.8 1.6 
p value NS NS NS 0.006 0.01 NS 
*Mean values (in ms) for each patient (Pt) by class of arrhythmias, tStandard eviation (in ms) among patients within each class of arrhythmias. :~F values for 
patient (degrees of freedom 11,22) and class (degrees of freedom 2,22) effect. CL = cycle; MN = minutes. 
minutes  (MN(_lO_2)), with a mean cycle length decrease of  
71 _+ 162 ms (p = 0.01). A fur ther  signif icant cycle length 
reduct ion  was observed between MN_~ and CL( lO-3)) ,  with an 
average decrease of 73 -+ 111 ms (p = 0.005). Of  note,  a 
speed-up of  hear t  rate in the minute  before  the ar rhythmias  
was observed in all pat ients,  inc luding those with marked  
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Figure 6. Mean cycle lengths preceding the onset of 
events by the three classes of arrhythmias in the 12 
patients. Torsade de pointe~ (TdPs) was preceded by 
significantly shorter short (CL z) and longer long 
(CL1) intervals than salvos and premature ventricular 
beats (PVBs) by two-way analysis of variance (p = 0.006 
and p = 0.01, respectively [see Table 3 and text for 
details]). No significant differences among classes were 
observed for all other variables, including the coupling 
intervals (CL0). The mean cycle length of the last minute 
before the events (MN 1) was shorter than the mean of 
the preceding minutes (p = 0.01), and a further short- 
ening was observed between MN_ 1 and the cycles 
• immediately preceding the event onset (p = 0.005). 
INITIATING SEOUENCES BY CLASSES OF ARRHYrHIIIAS 
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bradycardia in the previous minutes. Salvos and torsade de 
pointes showed a trend to lower basal heart rate in the 
preceding minutes and to greater heart rate increase in the last 
minute compared with that before premature ventricular 
beats, but differences within classes were not significant. With 
regard to the short-long-short pattern, the short interval 
(CL 2) was caused by an abrupt cycle length reduction (mean 
negative difference with the preceding cycle 283 +_ 174 ms, p < 
0.0001), followed by a compensatory pause (mean positive 
difference 594 + 265 ms, p < 0.0001), determining the typical 
long interval (CL_I). Finally, the coupling interval of arrhyth- 
mias, that is, the last short interval (CLo), was generally 
>600 ms and tended to be longer in salvos and torsade de 
pointes than in premature ventricular beats. 
Correlation among cycle length variables. The correlation 
among the six cycle length variables was established by a 6 x 6 
cross-correlation matrix. As shown in Table 4, the mean cycle 
length of the preceding minutes (MN(w-2)), the last minute 
(MN_I), the preceding cycles (CL(_1o_3)) and the prodromal 
pause (CL_I) were all highly correlated. By contrast, no 
correlation was observed between the first short interval 
(CL_2) and any of the other variables, suggesting that CL_ 2 
may follow an independent pattern of variance with respect o 
the other variables. Similar results were obtained within each 
separate class and with the three classes of arrhythmias 
combined. None of the variables appeared to be redundant 
when the latent roots of covariance of the cross-correlation 
matrix were computed; thus, all six variables were included in 
multivariate analyses. 
Relation of interval variables to class of arrhythmias. The 
relation of the six interval variables preceding the onset of 
events (predictors) to the class of arrhythmias (dependent 
variable) was evaluated by multivariate regression models. 
Only CL_ 2 and CL]  appeared to be significantly correlated 
with the class of the subsequent arrhythmias by simple linear 
models, although their correlation coefficients were rather low 
(respective r values 0.44 and 0.33, p < 0.05). When all variables 
were included in a multiple regression model by stepwise 
procedure, the best model included only four variables imme- 
diately preceding the onset of events (CL(_1o_3), CL_ 2, CL_I, 
CLo), and the variables relative to the preceding minutes 
(MN(_w_2) and MN_I) did not show a significant independent 
contribution and were censored from the model. The best 
Table 4. Classification of Arrhythmias by Discriminant Analysis 
True Class of Arrhythmias 
Class of 
Allocation* 1, PVBs 2, Salvos 3, TdP Total 
Total no. of 
observations? 
Total no. of 
correct 
allocations 
Proportion of 
correct 
allocations 
1, PVBs 10 (0.0) 3 (1.6) 0 (4.0) 13 
2, Salvos 2 (1.6) 6 (0.0) 3 (0.8) 11 
3, TdP 0 (4.0) 3 (0.8) 9 (0.0) 12 
12 12 12 36 
10 6 9 25 
83% 50% 75% 69% 
*Results are obtained by a model including four variables: CL(-lo_3), CL 2, 
CL_ 2, CLo. The inclusion of the two variables relative to the preceding minutes 
(MN(_w_2) and MN_I) did not improve the discrimination. The difference 
between the expected and the observed distributions was tested by chi-square 
analysis (chi-square 25.0, degrees of freedom 4, p < 0.0001). Parentheses 
indicate the squared linear distances among the three classes of arrhythmias (see 
text for details). ?Predictors utilized in this analysis were the individual mean 
values of the considered interval variables by classes of arrhythmias, nd the total 
number of observations (  = 36) was given by the product of the three classes of 
arrhythmias in the 12 patients. Abbreviations a  in Tables 1 and 2. 
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model had a significant multiple regression coefficient 
(adjusted r = 0.65, degrees of freedom 4,34, p = 0.002), 
indicating that the four selected predictors were correlated 
with the class of arrhythmias. Nonetheless, the combination of
these four variables could explain only about one-third of the 
entire data variability (adjusted r 2 = 0.34). 
Discriminant analysis. A linear discriminant analysis was 
performed to verify the probability of allocation of a given 
event o the correct class of arrhythmias, using as predictors 
the individual mean values of the preceding six interval vari- 
ables by the three classes of arrhythmias. No variable alone 
allowed significant discrimination among classes, and the 
power of discrimination progressively increased as more vari- 
ables were added by a stepwise procedure. The best model 
included the four variables CL(_1o_3) , CL_2, CL 1 and CL0, 
which allowed the correct allocation of 69% of events (chi- 
square 25.0, degrees of freedom 4, p < 0.0001). The inclusion 
of the two variables relative to the preceding minutes 
(MN( 10-2~ and MN 1) did not improve the discrimination. 
The squared tinear distance among classes, and specifically 
between premature ventricular beats (class 1) and torsade de 
pointes (class 3), was relatively high (-4), indicating asituation 
similar to two univariate distributions whose means differ by 
>2 SD. The model discriminated salvos (class 2) less well, with 
only 50% of correct allocations. In contrast, there was no 
incorrect allocation, that is, a low probability of misclassifica- 
tion, of torsade de pointes versus premature ventricular beats. 
Thus, the individual cycle length values constituting the initi- 
ating sequences allowed powerful discrimination between iso- 
lated ventricular beats and repetitive arrhythmias; that is, they 
were significant predictors of the complexity of subsequent 
events. 
Discuss ion  
Holter monitoring is a valuable technique for studying the 
spontaneous behavior of cardiac arrhythmias, such as torsade 
de pointes, which are typically paroxysmal and not easily 
induced by programmed electrical stimulation (10,17,24). 
Holter analysis of ventricular arrhythmias is generally limited 
to the simple count of events and does not consider the heart 
rate variations associated with the onset of arrhythmias. By 
contrast, most computer algorithms for heart rate variability 
consider arrhythmias undesirable accidents to be eliminated 
from the analysis (24). Until now very few studies, generally 
dealing with frequent and benign ventricular rrhythmias, have 
applied a quantitative analysis to the heart rate determinants 
of arrhythmias (16,25). So far, most clinical studies of torsade 
de pointes were based on brief ECG tracings, including only 1 
or 2 beats before the onset of the arrhythmias (6,7,14,26,27). 
Thus, no study could focus on the heart rate determinants of 
torsade de pointes by computerized Holter techniques. 
The present study aimed to characterize the heart rate 
changes associated with the spontaneous onset of the different 
types of ventricular arrhythmias observed in patients with 
recordings of torsade de pointes associated with acquired 
prolonged repolarization. The major findings of this study can 
be summarized asfollows: 1) Heart rate significantly increased 
in the last minute before the arrhythmic events; 2) stereotyped 
oscillatory patterns defined as short-long-short sequences 
preceded not only torsade de pointes, but also salvos and 
isolated premature ventricular beats; 3) a significant correla- 
tion was observed between the cycle lengths constituting the 
initiating sequences and the complexity of subsequent arrhyth- 
mias. Specifically, as the amplitude of the oscillatory initiating 
sequences increased, with shorter short intervals followed by 
longer postextrasystolic pauses, the probability of observing 
torsade de pointes increased. Finally, longer runs of torsade 
tended to have a higher firing rate than that at the initial cycles 
because a significant negative correlation was observed be- 
tween the mean of the first ventricular cycle and the run 
duration. These findings are consistent with several experimen- 
tal observations relative to the pathogenesis of arrhythmias 
associated with prolonged repolarization (5,8,12,13,28-30). 
Specific features of the study. Although limited to 12 
patients, to our knowledge the present study includes the 
largest group of patients with primary acquired torsade de 
pointes recorded on Holter monitoring. Of note, patients with 
a history of sustained or nonsustained ventricular tachycardia 
who had recurrence of ventricular tachyarrhythmias while 
receiving antiarrhythmic drug therapy were not included in this 
study. As seen in other clinical studies (6,7,14,15,17,26,27), the 
prolongation ofventricular repolarization resulted from differ- 
ent conditions, such as antiarrhythmic drugs and electrolyte 
imbalance. Also, in view of this potential inhomogeneity, he 
patient factor was included in all statistical analysis, where it 
indeed proved to be one of the major determinants of the data 
variability. To deal with different degrees of complexity of 
ventricular rrhythmias observed in these recordings, all events 
were graded by an arbitrary three-level score based on the 
actual ength of the events. The three classes of arrhythmias 
had the same weight in the statistical analysis, even if they 
included a different number of events, as isolated ventricular 
beats were constantly more numerous than salvos and torsade. 
This approach can be applied when the number of observa- 
tions is not evenly distributed in different subsets, particularly 
as the uneven distribution of events by classes is consistent in
all patients. Finally, to reduce the large number of heartbeats 
originally processed, six interval variables were defined. To 
avoid potential bias, all interval variables and classes of 
arrhythmias were established before any statistical analysis was 
performed. As no variable appeared to be redundant on the 
basis of principal component analysis, all were retained in the 
study model. 
Previous clinical studies of torsade de pointes. Because of 
the paroxysmal and infrequent occurrence of torsade de 
pointes, most previous clinical studies were based on very brief 
ECG tracings, including only 1 or few beats before the onset 
(6,7,14,15,26,27). As consistently reported in several studies, 
torsade was generally preceded by a pause (7,14,15,26,27). As 
the long cycle was generally a postextrasystolic pause, the 
entire sequence was more completely defined as a short-long- 
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short phenomenon (6,8). Of note, the prodromal pause was 
often associated with further prolongation of the QT interval 
and marked aberration of the configuration of the T wave 
(5,6). Finally, torsade de pointes was apparently facilitated by 
slow heart rate and was generally suppressed by isoproterenol 
infusion or cardiac pacing.(6,7). Typically, these features have 
been observed inall acquired forms, regardless of the disparate 
conditions provoking the prolongation of ventricular repolar- 
ization (5-7,14,26,27); nonetheless, ome of these aspects may 
be present even in some forms of congenital long QT syn- 
drome (5,28). These observations strengthened the hypothesis 
of torsade de pointes as a typical example of bradycardia- 
dependent arrhythmias possibly caused by early afterdepolar- 
izations and triggered activity (8-13,29,30). So far, very little 
quantitative information is available on the heart rate changes 
" preceding the onset of torsade de pointes. In a few studies on 
sudden arrhythmic deaths recorded during Holter monitor- 
ing, torsade de pointes was occasionally recognized among 
the arrhythmias degenerating into ventricular fibrillation 
(15,31,32). In a previous tudy from our group based on 63 
cases of recorded sudden death, the few cases of torsade 
degenerating into ventricular fibrillation were preceded by a 
typical pause and lower basal heart rate compared with other 
types of ventricular tachyarrhythmias (15). These initial data 
provided a rational basis to focus on the heart rate determi- 
nants of torsade de pointes by computerized analysis of Holter 
recordings. 
Pathophysiologic mplications of short-long patterns. In 
our study, we could identify at least two independent determi- 
nants of the grade of the subsequent arrhythmias: the first 
short interval (CL 2) and the following compensatory pause 
(CL_I). Specifically, the shorter the short interval and the 
longer the following pause, the higher was the class, that is, the 
complexity, of the following arrhythmias. These observations 
are generally in agreement with the characteristic profile of 
pause-dependent early afterdepolarization-induced triggered 
activity (8-13,29,30). In the present study, as in other clinical 
studies (7,15), the basal heart rate at which torsade developed 
was close to 60 beats/rain, consistent with the rate reported as 
critical for the occurrence for early afterdepolarizations 
(29,30,33). The early afterdepolarization amplitude was gen- 
erally reported to be augmented at longer cycle lengths and 
particularly after a pause, although the cycle lengths reached in 
experimental setting may be much longer than those observed 
in clinical conditions (12,13,29,30,33). The bizarre "diastolic 
waves" or "TU complexes" often observed in drug-induced 
prolongation of ventricular epolarization may be the ECG 
counterpart of afterdepolarizations (5). Indeed, a typical rela- 
tion could be observed between the amplitude of TU waves 
and duration of the preceding pause (5,12,13). Ventricular 
extrasystole may originate when the amplitude of pause- 
dependent afterdepolarizations reached a critical threshold 
(5,12,13,29). This relation may maintain a positive feedback 
loop, creating a bigeminal pattern, where a ventricular extra- 
systole generates a postextrasystolic pause, leading to an 
enhanced iastolic wave associated with a subsequent ventric- 
ular extrasystole (5,8,29). This self-maintaining bigeminal pat- 
tern can be relatively stable, as in ventricular bigeminy (34), or 
it may accelerate, producing progressively onger and faster 
runs of ventricular tachycardia, ultimately leading to ventricu- 
lar fibrillation (5). This escalating sequence of events, which we 
defined as the "cascade phenomenon", was observed in all 
patients included in this study, although the number and type 
of arrhythmias involved in each sequence were quite variable 
from case to case. Of note, going backward in each short-long- 
short sequence, the initial impulse leading to the genesis of the 
cascade phenomenon was a premature atrial beat (Fig. 4 and 
5) or a sudden cycle length shortening during atrial fibrillation. 
This may suggest that apparently benign rhythm disturbances, 
such as atrial arrhythmias, in susceptible patients with pro- 
longed ventricular epolarization may act as a trigger and 
entrain a perturbation of the electrical substrate, originating a 
first ventricular beat and then initiating a bigeminal pattern 
that may eventually degenerate into malignant ventricular 
arrhythmias (5,8,29,30). Finally, it should be noted that an 
activation of vagal tone may play a role by originating a wide 
oscillation in rate and possibly atrial arrhythmias, acting as a 
"primum movens" of arrhythmogenesis. 
Pathophysiologie implications of heart rate increase before 
arrhythmias. In the present study, we observed a significant 
heart rate increase in the minutes and cycles immediately 
preceding the onset of arrhythmias, possibly with a larger 
acceleration antecedent tothe onset of torsade de pointes (Fig. 
6). The relative heart rate increase observed before the events 
could be a sign of an adrenergic stimulation (10). Nonetheless, 
because Jackman et al. (5) were able to accentuate arrhythmias 
by short cycle lengths induced by pacing preceding a pause, it 
is not clear whether the adrenergic nfluence is exerted irectly 
through the various effects of adrenergic stimulation on ven- 
tricular myocytes or indirectly by the effect of adrenergic 
stimulation to speed the sinus rate or the rate or atrial 
fibrillation or even the ventricular escape rate, as in the case of 
the patient with profound bradycardia. The cycle length is a 
powerful determinant of functional refractory period and 
action potential duration and might act differentially on differ- 
ent myocardial tissues (35), thus setting a substrate of potential 
inhomogeneity of repolarization duration likely to be arrhyth- 
mogenic (8,9,36). The acceleration of heart rate itself might 
also entrain a 2:1 entry block, provoking a localized bradycar- 
dia that could potentially induce early afterdepolarizations, 
trigger the initial beat and facilitate the constitution of a 
self-maintaining feedback loop and reentrant arrhythmias in a 
substrate of prolonged ventricular epolarization (8,29,37). 
Furthermore, a possible role of delayed afterdepolarizations 
typically associated with adrenergic activation should not be 
excluded (4,5,11,38). Of note, premature ventricular contrac- 
tions may increase the sympathetic discharge by reflex mech- 
anisms (39), thus supporting a direct link between adrenergic 
activation and arrhythmogenesis. Finally, the adrenergic acti- 
vation may also induce the shortening of intervals between 
subsequent ventricular responses, favoring the occurrence of 
torsade de pointes runs of longer duration, similar to what 
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Moe et al. (39) showed at the initiation of ventricular fibrilla- 
tion. Thus, the interaction of increased adrenergic activity with 
pause-dependent afterdepolarizations could explain the gene- 
sis of repetitive ventricular arrhythmias associated with pro- 
longed ventricular repolarization (5,8,10-13). 
Arrhythmogenesis in acquired versus congenital QT pro- 
longation. Until now, adrenergic-dependent mechanisms 
were thought o play a major role in the congenital long QT 
syndrome, whereas pause-dependent mechanisms were mainly 
active in the acquired forms (5,11,28). Intermediate forms with 
characteristics of both forms were also described (5). Several 
findings from our study suggest that even in the acquired forms 
both pause-dependent a d adrenergic-dependent mechanisms 
may interact in arrhythmogenesis. Until now signs of adrener- 
gic activation in acquired forms had not been highlighted, also 
because most clinical studies were based on very few beats 
before the onset of arrhythmias. On the other extreme of the 
spectrum, in congenital long-QT syndrome, arrhythmogenesis 
may primarily result from adrenergic-dependent mechanisms, 
although pause-dependent mechanisms may still be active, as 
indicated by the beneficial effect of permanent pacing in some 
selected patients in association with antiadrenergic treatment 
such as beta-blockers and left cardiac sympathetic denervation 
(28,40,41). The presence of intermediate forms (5) further 
supports the hypothesis of a common pathway of pause- 
dependent and adrenergic-dependent mechanisms in the gen- 
esis of malignant arrhythmias associated with prolonged ven- 
tricular repolarization. 
Clinical implications. The identification of adrenergic ac- 
tivation even in torsade de pointes associated with acquired 
prolongation of ventricular repolarization by this quantitative 
Holter analysis has at least two clinical implications: 1) In the 
management of patients with torsade de pointes, together with 
the prevention of bradycardia and pauses by atrial pacing, the 
use of beta-blockers inhibiting sympathetic a tivation may not 
be contraindicated and in some cases may even be indicated, 
and the choice of such therapy may well be guided by 
quantitative serial analysis of Holter monitoring. 2) Quantita- 
tive Holter analysis may be utilized to identify individual 
specific sequences associated with the onset of malignant 
arrhythmias and may contribute to the development of new 
algorithms for detection of arrhythmias by implantable anti- 
tachycardia devices (42). In a preliminary study (43) we 
implemented simple cycle length variables by a new computer 
algorithm to scan the 24-h Holter ECG data, and our initial 
data suggest hat in some patients specific short-long tem- 
plates may have a high probability of being followed by 
ventricular arrhythmias (43). So far we have not systematically 
explored other ECG features that are known to precede the 
spontaneous onset of ventricular arrhythmias, such as config- 
urational changes of depolarization and repolarization wave- 
forms (QRS duration, ST denivelation, QT duration, T wave 
amplitude). The inclusion of the dynamic behavior of those 
variables might improve our ability to predict the onset of 
arrhythmic events after specific cycle length sequences. In 
particular, study of QT dynamics may have a special implica- 
tion in patients with prolonged ventricular epolarization, 
either acquired or congenital (44). Abrupt heart rate changes 
and pauses may create further prolongation of the QT interval 
and aberrations in the T wave configuration that may be the 
ECG counterpart of afterdepolarizations and lead to arrhyth- 
mogenesis (5,6,28). On these grounds, computerized Holter 
analysis might become a noninvasive lectrophysiologic test, 
simultaneously exploring the individual electrical substrate and 
the factors triggering the onset of arrhythmias. 
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